P
revious research on the behavior of prestressed concrete columns has been directed toward obtaining rational methods for predicting the ultimate column strength based on slenderness, eccentricity, level of prestress, and strength of steel and concrete. A number of further concerns remain. The precast prestressed concrete industry has indicated a need for better assessment of the effectiveness of lateral reinforcement.' Research in the PCI Specially Funded Research and Development (PCI-SFRAD) program, as well as this study, will serve to answer some of these conwithout reinforcement, design engineers are often reluctant to omit ties from prestressed columns. One author of a current textbook on prestressed concrete states that "lateral reinforcement should always be provided just as for reinforced concrete columns." 2 Presently, there is not a rational basis for evaluating the contributions of lateral reinforcement,* and the current provision of tie reinforcement is likely to be uneconomical.
For prestressed concrete, ACI 318-833 cerns. *R. G. Anderson, Concrete Technology AsAlthough wall panels perform well sociates, Private Communication, 1979. states in Section 18.11.2.2, "Except for walls, members with average prestress equal to or greater than 225 psi (1.55 MPa) shall have all prestressing tendons enclosed by spirals or lateral ties." In this Code Section, "lateral ties shall be at least #3 (10 mm) in size or welded wire fabric of equivalent area, and spaced vertically not to exceed 48 tie bar or wire diameters or least dimension of the compression member." The tie spacing limit of 16 longitudinal bar diameters, given in Section 7.10.5.2 of ACI 318-83 is omitted for prestressed columns.
However, there is a clause in ACI 318-83 Section 7.10.3 (Lateral reinforcement for compression members) which states that "lateral reinforcement requirements of Sections 7.10, 10.14 and 18.11 may be waived where tests and structural analysis show adequate strength and feasibility of construction." In the 1976 report of the PCI Column Committee, 4 some guidance is provided for design engineers who wish to satisfy the escape clause of ACI 318-83, Section 7.10.3. Chapter 12 of that report concerns the design of columns. Sections 12.1.4 and 12.1.5 of the report permit the design of columns with or without lateral reinforcement. Lateral reinforcement is required only where nonprestressing reinforcement exceeds 0.01 times the gross column area, or where such reinforcement is used to carry compression loading. The provisions also state "when lateral reinforcement is not provided, computed design capacity should be multiplied by 0.85."
In order to justify the omission of ties the designer must understand their contribution to the behavior of the column. Lateral reinforcement in the form of ties and spirals may perform four primary functions in conventionally reinforced concrete columns: -Confine concrete -Increase transverse shear strength -Prevent premature buckling of longitudinal bars opsis This study was initiated to evaluate the effectiveness of lateral ties in prestressed concrete columns. Thirty-six 8 x 8 in. (200 x 200 mm) columns were fabricated and tested with a range of parameters for longitudinal and lateral reinforcement, column length, and eccentricity of load.
For these columns, lateral ties provided in accordance with the minimum requirements of ACI 318-83 made no difference in failure load, or the overall violence of the failure. Some details of member failure are influenced by the presence of minimum ties.
The results of this test series also confirm the applicability of modified moment magnifier methods in predicting column load capacity when load capacity is at least 20 percent of the axial capacity with no eccentricity, Po.
-Hold bars apart during casting The use of square hoops or ties is not the most effective method for confining concrete and increasing member ductility. Ties and square spirals do provide some confinement for concrete at corner and central core locations; however, members containing such reinforcement are generally believed to fail immediately after the peak load has been reached. Circular spirals can produce a much more ductile and tougher member, since a "continuous confining pressure" is applied to the core of the column by the spiral's tension force.
Lateral ties in prestressed concrete columns may increase the horizontal shear strength but may or may not effectively confine concrete. The ability of lateral reinforcement to effectively confine concrete may depend on column slenderness and eccentricity of the load as well as the lateral reinforcement size and spacing.
The clear advantage of prestressing a concrete column is where the failure load is governed more by bending than by axial force. This will be true if the column is slender or is subject to large bending moments caused by eccentricity of load or transverse loads.
Most prestressed concrete columns are precast and many serve as members in precast structures where beams may be framed into columns by means of brackets or corbels on the outside of the column. Such details can produce eccentric load on the column, possibly producing large column moments. Since precast structures are often only several stories tall, high dead load axial forces from stories above may not be encountered. A prestressed column is in a state of significant axial compression due to forces induced by the pretensioned strands. Since pretensioned strands tend to stiffen the member against bending, either from lateral or eccentric loads, these members are ideally suited for precast building systems.
As bending increases and the longitudinal steel on the tension face of the column reaches higher stress levels, the neutral axis shifts toward the compressive face of the column. Depending on the length, and ultimately the deflection, the position of the neutral axis may be located so that outward transverse stresses are developed outside of the "effectively confined core" of the column. Consequently, lateral reinforcement provided for confinement may not be necessary or effective in the midregion of the column. However, lateral ties may be necessary in column end regions, especially in shorter columns where transverse stresses may be large.,'
It has been believed, generally, that since prestressing strands exist in a state of high axial tension, there is no possibility of premature strand buckling as the column approaches failure. In addition, as strands are tensioned they are positioned by a bulkhead in their exact location in the column section. These reasons, combined with the ability of long prestressed bearing walls "to perform well without ties," as well as economic pressures, have motivated the industry to evaluate the effectiveness of ties in prestressed concrete columns.
Placing lateral ties is a labor intensive and time consuming activity which decreases productivity. Columns could be cast faster and more economically if tie requirements were more liberal. On the other hand, if lateral reinforcement is found to be beneficial, fabricating techniques might be adjusted, focusing on the square spiral or welded wire fabric. This latter possibility is perhaps attractive to producers and fabric manufacturers, since fabric bending jigs are frequently present in the precasting plant.
In any event, a more refined assessment of tie behavior is crucial to improved designs that are more competitive with alternate materials. This experimental study will attempt to answer some questions about the effects of lateral ties, as used in prestressed concrete columns, and to direct designers and producers to a safe and economical solution.
The immediate objective of this research is to observe and evaluate the effect of lateral tie reinforcement on the strength and behavior of prestressed concrete columns. Parameters studied include: -Slenderness -Eccentricity of load -Level of prestress -Number of longitudinal strands -Tie spacing During the experimental stage of the investigation, loads, column deflections, and member behavior at ultimate load were recorded for 36 columns. Analysis of the column strength data also provide an important opportunity for evaluating proposed moment magnifier methods for predicting load capacity. Conclu-lions, discussion of design implications, and recommendations for further study conclude this report.
LITERATURE REVIEW
Studies of prestressed concrete columns have been conducted from both analytical and experimental viewpoints. Analytical research efforts have been directed at predicting the ultimate strength of the members. Most methods account for the effects of slenderness, eccentricity of load, amount and level of prestress and concrete strength. Methods of achieving a realistic predictive equation have been based on the usual approaches from the theory of elasticity and strength of materials.
Several authors have approximated the column deflected shape with a sine or cosine wave, then used this deflection shape to determine column curvatures, or plot load-deflection relationships. Investigators have frequently developed computer programs to predict load-moment curves based on the interaction diagram for members of any length.
Researchers have addressed the effectiveness of lateral ties in test specimens, though these tests are extremely limited. The following discussion will briefly review the literature pertinent to prestressed columns tested without ties, approximate method for evaluating slenderness in prestressed columns, and some basic questions of effectiveness of tie reinforcement. Ref. 6 provides a more detailed literature review.
Tests of Prestressed Concrete Columns
Jernigan 7 tested prestressed and conventionally reinforced concrete columns to: (1) compare ultimate strengths of the two column types for similar size and properties; (2) determine the point where additional prestressing resulted in an ultimate strength reduction; (3) establish the effects of lateral ties; and (4) establish a relationship between axial load capacity and slenderness.
Forty-seven columns were tested. For the concentrically loaded columns it was reported that "ductility of the columns was greatly improved and longitudinal splitting prevented with the addition of lateral reinforcement." It was also noted that "nearly the same ultimate strength and longitudinal strains were developed whether the columns were reinforced with ties or spirals." The mode of failure for all concentrically loaded columns was "concrete crushing."
The eccentrically loaded columns continued to have a ductile mode of failure. Strains measured in the spiral reinforcement for eccentrically loaded columns were negligible at ultimate load. This was due to the neutral axis shifting toward the compressive face lying inside the tension strand line. As the load approached ultimate, compressive strains were developed on the compressive side of the column, resulting in a small strain being observed in the spiral steel. Experimental results agreed closely with predictions made with the equations of Zia and Moreadith. 8 Theoretical calculations were found to be more conservative for concentrically loaded columns.
Smaller scale prestressed concrete columns have also been studied. Aroni 
Design Requirements and Approximate Evaluation of Slenderness Effects
The PCI Column Committee° presents design recommendations and commentary for prestressed concrete columns and bearing walls. Included among the design requirements is a procedure for the approximate evaluation of slenderness effects based on work by Chaudwani 12 and Nathan.
12,13, 14
Chapter 12, Design of Columns, provides a reduction factor of 0.85 to be applied to the ultimate capacity if the designer chooses to omit ties. The commentary states that this 15 percent reduction factor is based on the mode of failure of the members, not differences in the ultimate capacity. The commentary cites the test by Lin and Itaya ls and the work on load capacity of prestressed bearing walls by Baha 16 in support of this provision. The reduction factor was introduced to permit the treatment of columns and loadbearing walls with the same set of design provisions.
The approximate method to account for slenderness is based on the moment magnifier method of ACI 318-71, except that the coefficient C. is modified slightly, and the EI term revised to account for the fact that the ACI moment magnifier approach derives EI for relatively high values of axial load, as compared to the uniaxial capacity of the section. The effect of sustained loads is treated the same as in ACI 318-71 (since the data of this paper concerns only short-term tests, coefficients which account for sustained loads will not be carried through the discussion which follows).
Rather than a uniform 2.5 reduction from the gross section stiffness to effective stiffness, a sliding reduction factor, A, was proposed, with: A=17.5-37.5(P/Po)>2.5 when there is no compression flange. For prestressed columns or walls with a compression flange, a slightly different expression for A was proposed.
Nathan" later indicated that due to differences in the moment-curvature characteristics of prestressed and reinforced concrete columns, both the ACI 318-77 and British CF 110 Codes appear unconservative for design of prestressed concrete columns. Prestressed concrete columns typically contain a lower steel percentage and are more slender than conventionally reinforced columns. These characteristics lead to a higher balanced load on the interaction diagram and an increased likelihood of instability failure.
The ACI simplified approach to long columns (ACI 318-83, Section 10.11) uses a moment magnification factor inversely proportional to the column rigidity or curvature constant, EI. Nathan 13.14.17 recognized that "the moment-curvature relationship becomes nonlinear when following the load path at the column midheight, whereas the ACI procedure predicts a linear relationship."
Since the benefit of prestressing concrete columns lies in the long column range, many failures are governed by member instability. In order to give the column load-moment curve the appearance of material failure, the rigidity term must be adjusted. Nathan retained the rigidity term as EI /A; however, the factor, A, is redefined to be a function of both loading and slenderness: with a compression flange Limitations are also recommended for these equations; the initial column nominal prestress must be below 600 psi (4 MPa), the steel should be stressed to at least 50 percent of its ultimate tensile strength, and slenderness, L/r, should be less than 125. The reason for these stipulations is that high levels of prestress induce large initial compressive stresses in the concrete. These large stresses tend to reduce the balanced load by initiating concrete crushing before the steel can reach its theoretical yield point. The balanced load is also reduced if excess steel is used at a low stress level, where the steel will never reach a stress level close to yield before the concrete begins to crush. Nathan's 1983 paper" serves as a basis for revisions to the PCI Column Committee Report, which is presently in the final stages.
Ties in Concrete Columns
This section highlights two investigations specifically pertinent to the role of tie reinforcement in concrete columns.
Additional useful background for this discussion is found in Refs. 18, 19 and 20. A more detailed review is provided in Ref. 6 and a significant body of literature relative to confinement as pertaining to seismic resistant design is not considered at all.
Bresler and Gilbert 21 reported that no prior analytical work had considered the effects of lateral ties on the behavior of reinforced concrete columns and that existing tie requirements were simply taken from "other codes." ACI 318-56 required "lateral ties at least '/4 in. (6.4 mm) in diameter, not spaced over 16 bar diameters, 48 tie diameters, or the least dimension of the column." The tie requirements of ACI 318-83 are almost the same as the 1956 provisions, except that the 1956 requirement for every bar to be enclosed by a 90 degree bend of a tie was relaxed to every other bar in ACI 318-63, a code change supported by the work of these authors.
The authors recognized that the classic 1907 tests conducted on plain concrete by A. N. Talbot show that members which exhibit a "shear cone" have roughly a 20 percent higher peak load than members whose failure zone exhibits longitudinal cracks. It was assumed that ties spaced at less than twice the dimension of the core prevented these longitudinal cracks from occurring. This spacing was determined to be roughly the least column dimension, which was then incorporated into ACI 318-63.
A theory was developed to determine the required tie spacing that would produce longitudinal bar buckling just as the longitudinal steel began to yield. A second theory was developed to determine the required size of a tie to prevent buckling of the longitudinal bars due to inadequate tie stiffness. To evaluate these theories, four 8 Based on the test results, the authors acknowledged that the "maximum strength of the concrete core was achieved when the tie spacings did not exceed the least column dimension," although they suggested that reduced tie spacings be required for members containing high strength longitudinal steel. They also reported that ties smaller than the minimum required size performed satisfactorily.
Sheikh and Uzumeri 22.23 studied the ability of laterial ties to provide effective confinement for concrete. Increases in column strength and ductility were related to the area of concrete that was "effectively confined." Twenty-four 12 x 12 x 77 in. (300 x 300 x 1955 mm) reinforced columns were tested under an increasing monotonic concentric load with strains measured at designated load increments. Test parameters included distribution of longitudinal steel, tie spacing characteristics of lateral steel, and amount of longitudinal steel.
Results of these experiments show that increases in the number of longitudinal bars tied effectively by lateral reinforcement increased the confined area. Strength increases of up to 70 percent resulted, due to "well distributed longitudinal steel," although the amount of longitudinal steel, as a percentage of core volume, did not affect the behavior of the confined core.
Decreased tie spacings also increased the area of the effectively confined core. When the tie spacings were reduced, increased strength and ductility was observed. This result was more pronounced for members with smaller but more closely spaced longitudinal bars than larger, more widely spaced bars. It was also noted that an increase in volumetric ratio of lateral reinforcement re- Cross section details of columns tested.
suited in a less than proportional increase in strength.
EXPERIMENTAL MATERIALS AND METHODS
For this investigation, 36 columns were cast and tested in the Major Units Laboratory at West Virginia University. The column cross section was 8 x 8 in. Four corner strands were used in each member; columns with '/4 in. (6.4 mm) strands were cast in Batches 7 and 8 with four additional strands, one at the middle of each side of the section. For clarity in the text of this paper, the "(8)" designation will follow any reference to a column in either batch. Fig. 1 shows cross section details. Since the same bulkheads were used for all strand tensioning operations, the nominal distance to the strand centroid was the same for '/4 and ½ in. Note: 1 psi = 6.895 kPa. Table 1 .
The range of compressive strength encountered here is wider than may be expected. Factors implicated in this scatter are: use of a batch size much smaller than delivery truck capacity; problems with homogeneity with distribution of the high range water reducer, and intermittently frozen aggregate stockpiles.
The prestressing bed consisted of steel cross beams post-tensioned to an assembly of reinforced concrete thrust blocks. This configuration permitted casting four columns in plywood forms from each batch, two 14 ft (4.3 m) columns and two longer columns. Due to height limitations in the Major Units Laboratory at West Virginia University, the column tests were conducted in a horizontal position. This required design and fabrication of a load frame to be used in conjunction with the structural floor. Horizontal alignment simplified member placement into the test frame, improved control of end eccentricity and improved the safety of working conditions.
The eccentricity of applied load was the same at each end of the column. Before applying any load to the column, a stringline was stretched along the member and the sweep (member misalignment or initial crookedness perpendicular to its longitudinal axis prior to any application of load) measured.
Load was applied in increments of 25 kips (111 kN) until the midcolumn (since columns were tested horizontally, "midcolumn" is used in these descriptions, rather than the more familiar "midheight") deflection became noticeably nonlinear, i.e., began to "creep," then further readings were taken at 10 kip (44 kN) intervals. Midcolumn lateral deflection was recorded at 5 kip (22 kN) intervals throughout the ascending branch of the load-deflection curve. When deflections began to increase with essentially no increase in load, deflections and corresponding load cell readings on the strain indicator were recorded until failure of the column. Deflection measurements were taken from a stringline and plastic scale in 0.1 in. (2.5 mm) increments after the dial gauge capacity was exceeded.
TEST RESULTS
In the final report of this PCI Fellowship study, 6 a narrative description is provided for the mode of failure, and distinctive aspects of the behavior of each of the 36 columns. For purposes of brevity in this paper, discussion will be limited to typical load-deflection behavior and failure modes, and prediction of load capacity through application of approximate (moment magnifier) methods. Table 2 reports the initial crookedness and eccentricity of load for each column, along with load magnitude corresponding to the noticeable onset of nonlinearity (creep load) and maximum and failure loads and deflections. In most cases, the loading system permitted observation of a portion of the descending branch of the load-deflection curve.
The load-deflection curves reflect aspects of column length and load eccentricity in a manner that is generally straightforward and essentially intuitive. Graphs of load-deflection curves for columns with concentric and eccentric loads are shown in Figs. 2 and 3 . The deflection indicated in each case is the lateral deflection of the columns, measured in the plane of bending halfway between the ends of the column. The reader should note that differences in prestress level and relative eccentricity, in addition to column slenderness, cause the 18 and 20 ft (5.5 and 6.1 m) columns to behave more similarly than might be expected.
If ties make a definite contribution to member ductility and toughness, this contribution should be evident in the load-deflection curves. If lateral ties can influence load-deflection behavior, it seems that this effect should be noticeable for relatively short, concentrically loaded columns. Fig. 4 shows load-deflection curves for 14 ft (4.3 m) concentrically loaded columns with four 1/2 in. (12.7 mm) strands. Here the columns without lateral ties do have a lower capacity, but this is probably due to increased initial crookedness for these columns. For the shortest columns loaded eccentrically, there is not much difference in the load-deflection curves with or without ties, as shown in Fig. 5 .
A similar trend is noted for 18 ft (5.5 m) columns, as shown in Fig. 6 . Here the strength of Batch H3 is significant.
Overall, the authors believe that these curves indicate that ties have no influence on the shape of the curve in the region of the peak load, and minimal effect otherwise. For Column H4.1-18-4 (see Fig. 6 ), toughness was phenomenal. However, near the peak load the loaddeflection curve was essentially the same as for columns with ties spaced at 8 in. (200 mm), and columns with end ties, only. Because of the many factors that make comparison of load-deflection curves more complicated than anticipated, it seems that the best means of evaluating behavior of a particular column is to develop a theoretical loaddeflection curve, and to compare observed and theoretical curves. Aburazza24 has developed one such procedure; however, the authors have yet to implement that method and make detailed comparisons.
The influence of ties may also be discovered through examination of failure modes. Here, there were some differences, although the significance of this difference is open to discussion. The 14 and 18 ft (4.3 and 5.5 m) columns failed by crushing and diagonal cracking at the midcolumn region. This is true for both columns with concentric and eccentric loads. Generally, there was not a noticeable difference in the violence of failure for columns without ties in the midcolumn region, and columns with ning of a longitudinal split which was directed by the ties out of the column core and into the shell, forcing spalling of the cover. Even so, it is important to recognize that the columns with ties spaced at 8 in. (200 mm) were effectively destroyed, and there was no reserve capacity. The longitudinal split propagated a significant distance through the center of concentrically loaded columns where no ties were present in the midcolumn region. This splitting action caused the strands to bow and buckle, forcing the concrete shell to spall away. For the eccentrically loaded columns, the failure sequence was a three-step process initiated by localized concrete crushing and more widespread spalling in the compression zone. The second stage of failure was formation of diagonal compression zone cracking through the column core. Finally, the concrete cracked and fell away on the tension side.
The columns with a length of 20 ft (6.1 m) (Lid = 30, L/r = 100) failed in a more characteristic stability mode. Generally, diagonal compression zone cracking was not observed; multiple flexure cracks were observed, although these were usually dominated by a single crack at midcolumn which passed straight through the section. These columns simply snapped. A notable aspect of the 20 ft (6.1 m) columns was the apparent increase in core confinement apparent for columns with eight strands. Photographs taken during and after the column test are useful in comparing the nature of column failure modes. A close-up of Column Q8.1-14-8(8) is shown in Fig. 11 . This is the column shown to be left in Fig. 8 . Note the extent of delamination along the tension strands where three strands on a face are provided. Fig. 12 shows concentrically loaded column H4.1-14-4 and eccentrically loaded column H4.1-18.4. The 18 ft (5.5 m) column of this pair was perhaps the single most interesting test of this series. Although load capacity and the load-deflection behavior near the peak were essentially unaffected by the close tie spacing, the column held together at very large displacements. Fig. 13 shows the midcolumn region of Column H4.1-18-4 just before the test was halted. At this point, the column has deflected nearly 7 in. (175 mm). Severe longitudinal splitting was encountered in concentrically loaded columns with very wide tie spacing, or no ties at all in the column midlength, as shown in Figs. 17 and 18 . Where no ties whatsoever were provided, the split extended through about one-half of the column length, as shown in Fig. 19 .
As slenderness and eccentricity increase, the presence of column ties is hardly noticed near the failure zone. In some instances, ties were bent during the column failure, and in the case of one column with 1/4 in. (6.4 mm) strands, a single broken tie was discovered, as shown in Fig. 24 .
Although validation of analytical methods for predicting load carrying capacity was not an original goal of this study, it is a valuable benefit of the test series. Table 3 compares the results for observed maximum load with predictions made by the moment magnifier approach and various methods for estimating the column flexural rigidity, El.
These are the two approaches given in ACI 318 using Eqs. (10-10) and (10) (11) , the 1976 PCI Column Committee report,' and the equation developed by Nathan.'s Although the work by Nathan 13 indicated that the usual ACI methods for es-.
timating El are not applicable, they were obtained for comparison. Assessment of Nathan's' s more recent approach is of particular interest, since this method forms the basis for a pending major revision of the PCI Column Committee report. It must also be noted that since the investigation is assessing Fig. 13 . Column H4.1-18-4 at large deflection. .. strength prediction, the capacity reduction factor was taken as unity for these comparisons. The estimation of load capacity was accomplished by developing a microcomputer program to compute the load-moment interaction diagram for the cross section, and to then construct interaction diagrams which account for slenderness by the various moment magnifiers. The basic section interaction diagram was determined by ap- Fig. 21 . Column Q7.1-14-8 (8) failure zone (eccentric loading).
t Fig. 22 . Column H4.2-18-8 failure zone (eccentric loading).
plying principles of equilibrium, strain compatibility and knowledge of constructive behavior for steel and concrete. The ACI rectangular stress block was used to estimate the magnitude and location of the concrete compression force for cases where the compression zone was wholly within the section. Bilinear stress-strain diagrams were assumed for the reinforcement. A straight line interpolation was assumed between the capacity at zero moment (pure compression) and the point on the interaction curve where the neutral axis coincides with the lower extreme of the cross section.
The comparison of predicted and observed load capacity is accomplished more easily by graphical means. Figs. 25 to 28 represent interaction diagrams for columns in four of the nine batches of concrete in this investigation. These interaction diagrams have been selected from Ref. 7 to include the range of parameters in this study: column length, lateral reinforcement and longitudinal reinforcement.
On each figure, three curves, four radial lines and four points are plotted. The curve farthest from the origin is the short column interaction diagram for the cross section. The middle curve of each set is an interaction diagram which accounts for length effects in the 14 ft (4.3 m) columns, and the curve closest to the origin accounts for length with either 18 or 20 ft (5.5 or 6.1 m) columns, depending on the batch. Each point corresponds to the failure load of a particular column, labeled in each case, and plotted on a radial line from the origin which corresponds to the total eccentricity of load (the sum of the initial crookedness and applied eccentricity). These figures indicate that for the parameters of this investigation, Nathan's16 method for simplified calculation of slenderness effects is an accurate means of estimating load capacity of prestressed columns. It appears from these tests that the simplified moment magnifier method can be applied for levels of initial prestress substantially higher than recommended previously. Table 3 indicates that the methods of ACI 318 for estimating stiffness lead to Fig. 23 . Column H1.2-18-END failure zone (eccentric loading). quite inaccurate predictions of column load capacity in many cases, and fairly accurate predictions in others. The reason for this is that the ACI 318 slender column "curves" are nearly straight lines which run from the "pure moment" point on the short column interaction diagram to a point on the load axis at 20 to 40 percent of P o . The ACI 318 prediction by use of ACI Code Eqs. (10-10) and (10-11) can be fairly accurate for a limited range of behavior. The PCI-76 prediction is calibrated for extremely low axial loads and significant slenderness, and consequently performs poorly for the parameters studied here. Fig. 28 illustrates the predicted long column behavior using various methods for an 18 ft (5.5 m) column in Batch H3.
SUMMARY
In this investigation, thirty-six prestressed concrete columns were fabricated and tested at West Virginia University. The investigation was initiated to study the behavior of prestressed concrete columns as influenced by the presence of lateral reinforcement in the form of isolated ties. The results of the investigation also provide a means for evaluating existing theoretical models for column load capacity. This discussion will summarize the investigation, present conclusions about the effectiveness of tie reinforcement, and recommend both a design interpretation of the study and aspects requiring further evaluation.
The thirty-six 8 x 8 in. (200 x 200 mm) columns tested in this study encompassed a wide variety of parameters. The casting bed limited each batch to a total of four columns -in each of nine batches two 14 ft (4.3 m) columns were cast along with either two 18 or 20 ft (5.5 or 6.1 m) columns. Consequently, sixteen of the columns were 14 ft (4.3 m) long; eight were 18 ft (5.5 m) long, and ten were 20 ft (6.1 m) long.
Sixteen of the columns were reinforced with four '/s in (12.7 mm) Grade 270 (1860 MPa) seven-wire strands. In Moment, in.-k Approximately half of the columns were loaded concentrically. However, all but one column had some initial eccentricity at midcolumn. Initial midcolumn eccentricity was significantly greater for the longer columns. Column failure loads ranged from a low of 85 kips (378 kN) in the case of an eccentrically loaded 20 ft (6.1 m) column to a high of 327 kips (1454 kN) with a 14 ft (4.3 m) column loaded concentrically.
Column load-deflection curves showed minimal dependence on the presence of lateral reinforcement. That is, columns with and without ties behaved approximately the same with regard to: -Peak load -Peak load deflection -Ability to withstand deformations on the descending branch of the load-deflection curve The 14 and 18 ft (4.3 and 5.5 m) long columns failed by crushing at the midcolumn region. This was true for both concentrically and eccentrically loaded columns, and independent of the presence of ties. All of these columns were thus material failures. Generally, there was not a noticeable difference in the violence of failure for columns without ties in the midcolumn region, and for columns with ties spaced at 8 in. (200 mm), the ACI maximum spacing for this column configuration.
Although the failure modes were generally the same for columns with and without ties, differences were noted in the details of column failure. For columns with ties, diagonal cracking progressed from the center of the cross section at midcolumn. This crack developed into a longitudinal split, but the ties apparently directed the split outside of the column core, and forced spalling of the concrete outside the tie. Even so, it is important to note that columns with ties spaced at 8 in. (200 mm) were destroyed, and there was no reserve capacity. For some columns without ties at midcolumn, the longitudinal split propagated through the core for a significant distance from midcolumn. This splitting action appeared to cause the strands to bow and buckle, forcing the concrete shell to spall away.
For eccentrically loaded columns, failure was a three-step process initiated by spalling in the compression zone. The next stage of failure was development of diagonal compression zone cracking through the column core, followed finally by breakoff of concrete on the tension side.
The 20 ft (6.1 m) columns appeared to fail in a stability mode. Generally, diagonal compression zone cracking was not observed; flexure cracks, usually dominated by a single crack at midcolumn, passed straight through the section. These columns simply snapped. A notable aspect of the 20 ft (6.1 m) column tests was the significant increase in core confinement apparent for columns with eight strands.
Observed column maximum loads were compared with theoretical predictions using the approximate evaluation of slenderness effects by the moment magnification procedure ofACI 318. For prestressed concrete columns, the flexural rigidity may differ significantly from that predicted from the equations given in Chapter 10 of ACI 318-83. Consequently, load capacity predictions based on the moment magnifier method may be inaccurate for columns with appreciable axial load if procedures based on Eqs. (10-10) or (10-11) of ACI 318-83 are employed. For the columns tested in this study, the procedures described by Nathan's provided extremely accurate estimates of the column maximum load. Predictions based on other estimates of the column flexural stiffness were substantially less accurate.
It should be emphasized that the predicted column capacities cited in this report are based on the assumption of pinned-end conditions, measured concrete strength at the test age rather than the 28-day cylinder strength, and that total eccentricity (column crookedness plus load eccentricity) was used to compare theory with experiment. The use of the initial crookedness is particularly important in the prediction of load capacity of concentrically loaded columns.
CONCLUSIONS
Conclusions to be drawn from this study are directly applicable to the test parameters considered, namely square prestressed concrete columns with a slenderness, Lid, in the range of 20 to 30, lateral tie spacings in the range of one-half to two times the column width, and concrete strength in the range of 6000 to 9000 psi (40 to 60 MPa). Extension of these conclusions to other conditions requires further evaluation and judgment:
1. Ties do not lead to a significant increase in column capacity at peak loads.
2. Ties do not appreciably limit the column deflections at peak load, and do not consistently influence the ability to sustain deformations on the descending branch of the load-deflection curve. 6. Within the range of parameters considered in this investigation, there is no logical justification for a strength reduction if ties are omitted from prestressed concrete columns. While there is some slight difference in the details of an otherwise explosive failure, the authors believe that the difference is nowhere near as significant as implied by the 0.85 reduction factor suggested in the 1976 recommendations of the PCI Column Committee. 4 7. Designers should be more concerned about the difference in capacity reduction factors between tied columns and spiral columns, rather than introducing a new reduction factor for omission of ties. This whole discussion must be considered in light of the philosophical considerations of the role of ductility in structural safety requirements. It may be simply inappropriate to link strength requirements and ductility. Perhaps, ductility should be addressed separately and explicitly, where the provision of ties might be based, in part, on a check to see if the concrete neutral axis would lie outside the tie location at the strength limit state. If the tie does not cross the neutral axis, it cannot be effective.
8. The approximate method for evaluating slenderness effects of prestressed columns developed by Nathan' s provides an accurate means of accounting for load capacity in rectangular prestressed columns. However, no tests in this study are available to verify the method where P/PO < 0.2.
DESIGN IMPLICATIONS
In cases where tied columns are appropriate, columns without tie reinforcement behave about the same as columns with isolated ties spaced in accordance with the requirements of ACI 318-83.
However, from the tests conducted in this investigation, it is apparent that, if high ductility or toughness demands are to be made on a prestressed concrete column, square tie or hoop reinforcement cannot provide adequate confinement of the concrete core if tie spacings are on the order of the least column dimension. Judging from the behavior of conventionally reinforced concrete columns, a circular spiral would appear to be more suitable to applications with a high ductility demand. It seems unlikely that a square spiral could be as effective, since the confining action of a square spiral would be obtained through the legs of the spiral acting in flexure, rather than the hoop tension approached in the case of circular spirals. The square spiral may have advantages over isolated ties from a fabricator's standpoint. Placement and tying of tie reinforcement is difficult and tedious, with both factors affecting productivity. A similar advantage might be obtained through use of welded wire fabric cages, where lateral reinforcement is to be provided.
The failure modes observed for columns with slenderness in the range of Lid = 21 to 30 is such that there does not seem to be an effective contribution of isolated ties for a tie spacing on the order of the least column dimension (8 in. or 200 mm). For the one 18 ft (5.5 m) column with ties spaced at 4 in. (100 mm) through the midcolumn, the ability to sustain deformations on the descending branch of the load-deformation curve was rather remarkable, although other aspects of that column's load-deflection behavior were identical to columns with no ties in the midcolumn region. This might suggest that some advantage could be achieved if tie spacings were limited to something like the least leg size of the tie or be related specifically to the column core dimension.
It is important to recall that Bresler and Gilbert 21 concluded that the "shear cone" was formed in members where the lateral reinforcement was spaced not farther than the core dimension. For prestressed columns, which often are square members, the minimum cross section dimension may be appreciably larger than the core. This is suggested since the columns studied in this investigation had a relatively large cover on the ties and prestressing strands, and some commercially fabricated columns appear to be similar.
Before urging wholesale adoption of this more restrictive tie spacing requirement, it must be recognized that the concentrically loaded column H4.1-14-4 did not show an appreciable advantage by virtue of a closer tie spacing.
This study has indicated that tie reinforcement is generally not a satisfactory means to enhance the ductility of prestressed concrete columns. It should be noted that round spiral reinforcement may also have liabilities. To achieve the benefits of spiral confinement, a very high spiral steel ratio is required to meet the requirements of the "minimum spiral," described in Chapter 10 of ACI 318. For example, in the case of a 16 in. square (400 mm) column with 8000 psi (55 MPa) concrete and the limiting spiral strength of 60 ksi (400 MPa), a 3 in. The ACI Building Code, ACI 318, should recognize the use of equations, such as developed by Nathan,' 6 which provide a more accurate assessment of the flexural rigidity of prestressed concrete columns, and which leads to a better prediction of the load carrying capacity.
FURTHER STUDY
This study has demonstrated that isolated ties, placed at the maximum spacing permitted by ACI 318-83, have little practical effect on the behavior of prestressed concrete columns up to, and beyond, peak load. Some differences are noted in the exact character of the failure, however, the essence is the same. It appears that the use of isolated ties is simply an impractical way to effectively confine concrete in these columns.
Square spirals or welded wire fabric cages may be considered as alternate means of providing lateral reinforcement. Speculation based on the experience of this study would lead to the assessment that these schemes would be practically and economically superior to isolated ties, but the effectiveness is open to question, and substantiation through further testing and evaluation is required.
For cases where high ductility or toughness demands exist, a round spiral is most probably the best solution, though spiral requirements may be great. Since prestressed concrete columns are manufactured under plant conditions with abutments holding the strands in place while the concrete is cast, it seems that placing the primary reinforcement in a circular pattern should not be a particular liability. Further studies should be accomplished to better establish the mechanisms of behavior for closely spaced ties, welded wire fabric, and square or round spiral reinforcement in prestressed concrete columns. The behavior of round spirals may be somewhat different than in conventionally reinforced columns, since the slight bulging effect introduced into a prestressed column at transfer would tend to put a small pretension in the spiral as well. However, this effect may be of little practical experience.
To date, tests have been made on laboratory scale columns. It appears that tests are needed on full scale members, or another type of specimen, so as to evaluate the effectiveness of lateral tie reinforcement when the tie crosses the neutral axis and as such may be more effective in confining the concrete compression zone. Many design engineers may conservatively insist on ties in prestressed concrete columns where seismic concerns are paramount. They should recognize that ties in substantial excess of the minimum requirements may be needed to provide acceptable member behavior.
Tie reinforcement should also be provided for prestressed columns with significant amounts of nonprestressed reinforcement.
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